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2. A do p tin g the first of these lines o f a p p ro a c h one m eets a t th e outset w ith a m ajo r difficulty. I f the investigation is to be based solely on observations o f living insects held statio n ary , the 'flight system ', th a t is, th e living insect an d th e su rro u n d in g air, m ay differ considerably u n d e r these conditions from th a t o f free flight; w h a t is observed in the one m ay not be assum ed im plicitly to occur in th e o th er. O n th e other h a n d , m any useful m ethods o f investigation can be ap p lied to insects held statio n ary w hich could n o t be used if th e insect w ere flying freely, m ethods on w hich one is d ep en d e n t for certain q u a n tita tiv e d a ta , w hich cin em ato g rap h y , for exam ple, does not supply. A n escape from this difficulty w ould be to proceed in tw o stages. First, a com parison w ould be m ad e betw een th e flight system u n d e r n a tu ra l con ditions in free flight, and u n d e r ex p erim en tal conditions w ith th e insect held statio n ary , an d the relationship o f the one to the o th er w ould be established. Secondly, th e flight system w ith the insect held statio n ary w ould be studied u n d e r such conditions (defined by the relationship alread y established) th a t an y conclusions reach ed w ould hold for free flight.
I n t r o d u c t io n M a t e r ia l a n d m eth o ds of m o u n t in
T h e object of this present co m m u n icatio n is to a p p ro a c h the aero d y n am ic aspect o f the subject by atte m p tin g th e first o f these steps in a d etailed study o f the flight o f females o f the dipterous fly Muscina stabulans Fallen. A t the sam e tim e the role o f the airflow in determ in in g b ehaviour an d the im p o rtan ce o f the a n te n n a e in flight are d em o n strated .
2 . M a t e r i a l a n d m e t h o d s o f m o u n t i n g l i v i n g i n s e c t s
In selecting a species for this study it was considered desirab le: ( 1) th a t the insect chosen should be one o f th e D ip tera, in o rd er to avoid th e com plication of a second p a ir o f wings or of e ly tra ; (2) th a t it should breed read ily in th e la b o ra to ry ; (3) th a t it should prove am en ab le to th e ex p erim en tal conditions im posed u p o n it; a n d (4) th a t it should not be too sm all. Muscina , w ith a n average w ing len g th o f only 7 m m ., barely qualifies on th e score o f size, b u t is p referable to Calliphora vomitoria since it m aintains strong, reg u lar flight m ovem ents over a w ide ran g e of experim ental conditions. T h e a d u lt flies w ere fed on sugar a n d w ater. T h e larv ae w ere reared in a m edium o f cooked alfalfa leaf-m eal, cooked soyabean m eal an d dried skim milk, w ith a little yeast sprinkled on the surface. N o rm ally females oviposited readily on this, th o u g h a t tim es they failed to do so for reasons w hich have n o t been satisfactorily explained. I t was th en necessary to establish a n o th e r stock from individuals collected in th e field. In this w ay it has been possible to m a in ta in stocks over a period of several years. Indiv id u als proved to be h a rd y an d suitable for experim ents. In spite of its sm all size, therefore, M . stabulans was selected for the present p a rt of this w ork, while it was reg retted th a t o f those species alread y used in studies of insect flight none satisfied the above conditions. All observations w ere m ade a t a te m p e ratu re betw een 20 an d 25° G. Unless otherw ise stated observations w ere confined to fem ales; these w ere no t used for experim ents u n til tw o weeks after em ergence.
Diverse m ethods have been em ployed in th e past for m o u n tin g insects w hich were to be held stationary. I t has long been recognized th a t the legs should rem ain free, and th a t w ing m ovem ents norm ally cease if the tarsi m ake c o n tact w ith an y support. In practice this restricts the region suitable for a tta c h m e n t to the u p p e r p a rt o f the th o rax or abdom en. I t has been arg u ed by Voss (1914) th a t the insect should be supported by holding the tip of the ab d o m en , so th a t the m ajo r p a rt o f th e w eight of the insect is carried by the v ib ratin g wings them selves, as in free flight. In estim ating the im portance of this point, two sets o f forces have to be considered: th e stresses w ithin the insect's body an d th e aero d y n am ic forces acting on th e wings. T h e d istrib u tio n of stress w ithin the body m ay surely be expected to be most n a tu ra l w hen the position o f artificial a tta c h m e n t is as close as possible to th e region o f n a tu ra l sup p o rt o f the body in free flight, th a t is, the w ing bases. T h e aero d y n am ic forces acting on the wings will not differ greatly from th eir n o rm al value as a result o f artificial a tta c h m e n t in this region, provided th a t th ere is b u t little displacem ent of the body in a vertical plane d u rin g each w ing b eat in free flight. In this species, w here frequencies of w ing b e at betw een 115 an d 220 beats p er second have been observed, it is unlikely th a t any ap p reciab le displacem ent of this sort occurs. F u rth e r m ore, the m ethod of atta ch in g the insect by the ab d o m en has the d isad v an tag e th a t
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F ig u r e 1. Illustrating the method of mounting the living insect. A, a drop of melted wax held in the loop of the cautery. B, the wax transferred to the supporting wire and G, a female of Muscina stabulans with the legs in the attitude of flight mounted on the supporting wire.
the w hole of the thorax, w ith the w ing m echanism , is free to be inclined by th e insect a t different angles relative to the observer or to any reco rd in g a p p a ra tu s used. A tta ch m en t by the u p p e r surface of the th o rax is p referable, therefore, provided th a t this does not ap p reciab ly d istu rb th e airflow o f the system, or interfere w ith th e n a tu ra l v ib ratio n o f the wings. A com parison o f the speed a n d d irectio n o f th e airflow , a n d the an g u lar m ovem ents of the wings in in dividuals su p p o rted by the th o rax or by the ab d o m en showed th a t in these respects a tta c h m e n t by the a b d o m en possessed no ad v an tag e over th e o th er m ethod, if a suitably d elicate m eth o d o f m o u n tin g was em ployed. A tta ch m en t by the th o rax was, accordingly, ad o p ted , a n d th e living insect was m ounted as shown in figure 1 by th e m eth o d described in A p p en d ix I.
O ne effect of the w ing m ovem ents perform ed by the insect w hen held statio n ary is to produce a flow in the su rro u n d in g air. This has been studied in o th er insects by D em oll (1918) w ith a fram e o f ow l's feathers, an d by M ag n a n (1934) w ith smoke, ho t air, an d anem om eter. T h e m ain mass o f the su rro u n d in g air, how ever, rem ains a t rest relative to the insect, an d in the acco u n t th a t follows, this co n d itio n will be referred to as 'still a i r ', in co n trast to th a t co n d itio n in w hich the m ain mass o f the surrounding a ir moves backw ards relative to the insect, as in free flight, or (w ith the insect held stationary) in an airflow p ro d u ced in a w ind tu n n el. T h e insect is th en said to be exposed to a stream of air. T his stream is defined in term s o f the m a g n itu d e and direction of the vector w hich m ust be in tro d u ced to co n v ert the flight system in 'still a i r ' to th a t in th e given airflow , o th e r factors rem ain in g u n ch an g ed .
Flies w ere norm ally used betw een 1 to 4 hr. after being m o u n ted . T h o u g h very v ariable in this respect, some individuals m a in ta in ed a vigorous v ib ra tio n o f the wings, allow ing observations to be m ade over a perio d o f 2 or 3 hr. These vibrations w ere reg u lar u n d e r certain conditions, irreg u la r u n d e r others. F o r an y set o f con ditions, how ever, a certain basic b eh av io u r can be recognized, to w hich the insect returns after each b rie f excursion. In this present study we shall be concerned only w ith this basic behaviour.
3 . C o m p a r i s o n o f t h e f l i g h t s y s t e m w h e n t h e i n s e c t is h e l d s t a t i o n a r y
WITH NORMAL FREE FLIGHT (i) The basis and method o f the comparison
A m o m en t's consideration will suggest an em barrassing profusion o f features in respect o f w hich the flight system w hen the insect is held statio n ary m ay be com pared w ith norm al free flight: th e posture o f th e insect; th e frequency and am p litu d e of its w ing b e a ts ; the a ttitu d e o f the w ing as a w hole an d th a t o f different parts o f the wing, since it is a flexible stru c tu re ; the p a th an d speed o f the w ing relative to the insect, an d the p a th an d speed o f the air relative to the wing. Differences in these and in other factors m ay occur, b u t for the im m ed iate purpose o f the present phase o f this in q uiry all th a t is significant will be found to be sum m ed u p in th ree values: the m agnitude, the direction o f action, a n d th e position o f the 'resu ltan t force', w hich acting continuously on the body o f the fly w ould m ost n early replace those cyclicly changing forces w hich n o rm ally m a in ta in or m odify the state o f m otion in flight. By taking this resu ltan t as an index o f w h at is occurring, an d assum ing th a t for any p a rtic u la r flight speed one set o f values for this index is eq u iv alen t to b u t one set o f conditions in the system, a com parison involving so m an y aspects is a t once reduced to m anageable dim ensions. T h e ap p licatio n o f this m eth o d rests, how ever, u p o n being able to determ ine these values for an insect held statio n ary . For this purpose a balance was constructed, designed to m easure the vertical a n d h o rizo n tal com ponents of the resu ltan t force to the nearest m illigram over a ran g e of 60 mg. an d to enable the position o f its line o f action to be d eterm in ed to the n earest h a lf m illim etre. A description o f this b alan ce an d th e w ay in w hich it was used is given in A ppendix II.
(ii) The flight system with the insect held stationary in c air' ' O f fifty flies used in this analysis, th irty -tw o m ain ta in ed consistently re g u la r w ing m ovem ents for a sufficient length o f tim e to allow th e requisite m easurem ents to be recorded. T h e w eight o f these individuals ran g ed from 20 to 48 mg. w ith a n av erag e w eight of 31 mg. I t is notew orth y th a t all, w ith b u t four exceptions, m a in ta in ed w ing m ovem ents in w hich the m ag n itu d e of th e re su ltan t force g en erated was eq u al to or g reater th a n the w eight o f the insect. T h e m ag n itu d e o f th e re su ltan t for any individual usually varied from tim e to tim e, an d the averages o f steady m ax im u m a n d m inim um values (as opposed to m o m en tary excursions) w ere 35 a n d 30 mg. respectively. A lthough the m a g n itu d e o f th e re su ltan t was n o t c o n stan t in each individual, changes in the inclin atio n o f its directio n o f actio n relativ e to th e in sect's body, as determ ined from the values o f vertical an d h o rizo n tal com ponents, did n o t a m o u n t to m ore th a n 4°. O n an average th e force acted along a line inclined forw ards an d u pw ards a t 48° to th e body axis o f th e insect.
These values for th e m a g n itu d e a n d d irectio n o f th e re su ltan t are such as one m ig h t expect for insects held statio n ary , perform ing w ing m ovem ents sim ilar to those o f no rm al forw ard flig h t; b u t the d e term in a tio n o f th e position o f th e re su ltan t em phasized th a t in a m ajority of cases the system was in co m p atib le w ith stable forw ard flight. These d a ta for the thirty -tw o flies in v estig ated -giving th e position o f th e re su ltan t expressed in term s o f the distance from the centre o f g rav ity o f th e p o in t o f intersection o f its line o f action w ith th e body axis-a re presented in figure 2. By m easuring the vertical an d h orizontal com ponents o f the re su ltan t w ith th e insect inclined a t different angles, it was found th a t b o th th e m ag n itu d e a n d d irectio n o f th e re su ltan t relativ e to the fly w ere in d ep en d e n t of th e in clin atio n o f th e body axis to th e h o rizo n tal. F o r the following d eterm inations in £ still air ' the insects w ere therefore held as was m ost convenient, w ith the body axis a p p ro x im ately h o rizo n tal. A t th e b o tto m o f figure 2, the body axis o f a fly, whose outline is d ra w n to scale, is m ark ed o u t in half-m illim etres from th e centre o f gravity as zero. T h e h isto g ram a t th e to p represents th e n u m b ers of individuals in w hich the re su ltan t force intersected the body axis w ith in each h alf m illim etre o f its length. T hus, o f these th irty -tw o flies, in one in d iv id u a l only was this p o in t of intersection w ithin ± 0 -2 5 m m . o f th e centre o f gravity, a n d in h a lf o f th e to tal n u m b e r the re su ltan t crossed th e body axis betw een 0-75 a n d 1-75 m m . b eh in d it. A distance from 1*75 m m . in front to 3*25 m m . b eh in d th e cen tre o f g rav ity in cluded the observed points of intersection for all th e individuals studied.
I t is clear th a t in free flight in a straig h t line the re su lta n t force m ust act th ro u g h the centre of gravity o f the insect. we have been considering was, therefore, w ith one exception, in co m p atib le w ith free flight. This incom patibility lay in the position o f th e re su ltan t ra th e r th a n in its m agnitude, w hich suggests th a t, in p u rsu in g fu rth er th e com parison of th e system w ith th a t of free flight, special atte n tio n should be p aid to those factors w hich d e te r m ine the position of th e line along w hich th e re su ltan t acts. In this connexion it is interesting to com pare th e am p litu d e o f w ing b e a t in th e thirty-tw o individuals ju s t considered. N eglecting for th e present th e details o f the paths travelled by the w ing tips, the wings m ay be reg ard ed as b eatin g u p w ard s an d backw ards, dow nw ards and forw ards, in a plane inclined backw ards a t ab o u t 50 degrees to th e body axis. W ith th e exception o f insects w hich w ere fatigued or anaesthetized, th e wings alm ost to uched one a n o th e r a t the top o f th e b e a t a n d show ed little v a ria tio n in this respect. I f it be assum ed th a t th e leading edge o f th e w ing o f each side is in a vertical plane a t th e top of th e b eat, th e n th e am p litu d e o f w ing b e a t m ay be expressed as th a t angle w hich th e leading edge o f th e w ing m akes w ith this plane a t the b o ttom o f the beat, in th e p lan e o f m ovem ent. T his angle was m easured by view ing the insect th ro u g h a circu lar a p e rtu re in a disc g ra d u a te d in degrees, w ith a cross-wire and p o in ter w hich could be ro ta te d so as to be seen in line w ith th e lead in g edge o f th e w ing a t the botto m o f the beat. I t was best observed ag ain st a black background, w ith th e fly illu m in ated from b ehind. T h e average o f these values for each group of individuals represented a t th e top o f figure 2 is given in th e m iddle o f th a t figure, an d th e curve d raw n th ro u g h these points indicates th e relatio n b etw een the am p litu d e o f th e w ing b e a t an d the position o f the line o f action o f the re su lta n t force relative to the centre of grav ity for these individuals held statio n ary in 'still a i r '.
T w o effects are likely to follow from an increase in a m p litu d e, as th e following considerations show. I t is p ro b ab ly co rrect to reg ard the insect in flight as m oving u n d e r the influence o f cyclicly changing forces, w hich, d u rin g th e g re a ter p a rt o f th e cycle, ten d to ro ta te it a b o u t a h o rizo n tal transverse axis passing th ro u g h th e cen tre o f gravity. T h e forw ard an d u p w ard com ponents o f the aero d y n am ic force actin g on the wings in flight are alm ost certain ly positive d u rin g b o th th e d o w n w ard a n d , as em phasized by M ag n an a n d S ainte-L ague (1933), the u p w a rd beats, a n d th e ir values are likely to be m axim al a t the end o f th e d o w n w ard stroke, w hen th e wings are perform ing the low er curve o f th eir trajectory. Bull (1910) , using cin em ato g rap h y , found th a t there was m axim um forw ard a n d u p w a rd acceleratio n o f th e body d u rin g this phase o f the b e at in the dragonfly Agrion, w here the w ing m ovem ents a re in m an y ways sim ilar to those of M . stabulans. O n e effect o f a n increase in a m p litu d e w ould be to displace forw ards th e line o f action o f these im p o rta n t forces associated w ith th e close o f the dow nw ard beat. A second effect o f an increase in a m p litu d e is likely to be th a t the re su ltan t o f the forced m o m en tarily actin g will pass in front o f th e cen tre o f gravity d u rin g a greater proportion o f time in the perio d o f each cycle. I t m ay be expected, therefore, th a t th e g re a ter th e a m p litu d e o f th e w ing b eat, the fu rth er forw ard relative to the insect is the line o f actio n o f th e re su ltan t w hich, actin g co n tinuously, w ould m ost n early replace the re p eated cycle o f forces g en erated .
T h e accuracy of these observations was ro u g h ly confirm ed in th e follow ing m a n n er. A series of flies w ere each m ou n ted on a short len g th o f stiff h o rse-h air in p lace o f the usual heavy w ire support. T h e h o rse-hair carry in g th e fly was g rip p ed in forceps, suitably m ounted so th a t they ju s t held it firm ly. B etw een the u p p e r p a rt o f th e tw o arm s o f th e forceps a sm all soft-rubber b u lb was pressed: this was co n n ected to a large b ulb by a length o f tu b in g . Squeezing th e large b u lb inflated th e sm all b u lb , forced a p a rt the tw o arm s o f the forceps a n d suddenly lib e ra te d th e insect w ith o u t im p a rtin g to it any jerk . In divid u als m a in ta in in g re g u la r w ing v ib ratio n s th ro u g h an am p litu d e o f a b o u t 160° or over, flew straig h t forw ards w ith o u t faltering p e r ceptibly on being lib e ra te d in this w ay. T h e m ajo rity o f flies tested in this m a n n er m ain tain ed an am p litu d e o f w ing b eat of 140° to 150° a n d these on sudden lib eratio n plunged straig h t into a nose dive.
A sim ple b u t instructive p h o to g rap h ic record o f w h at o ccurred was m ade by previously focusing a cam era on the insect an d th e p lan e in w hich it w ould travel on lib eration, and illu m in atin g the insect from in front. T h e sh u tte r was opened, the fly lib erated , and after it h a d passed, the sh u tter closed. Since th e w ing a t the top an d b o tto m of its b e at undergoes a considerable ro ta tio n a b o u t its long axis, lig h t was reflected from the w ing surface tow ards the cam era a t some phase o f this ro tatio n , so th a t a record of the w ing in these two positions in successive beats was superim posed u p o n the trace of the insect's body on th e negative.
F rom such a record it was seen, first, th a t associated w ith th e d o w n w ard p a th on lib eratio n was a sudden forw ard ro ta tio n o f the insect a b o u t a transverse h o rizo n tal axis. This agreed w ith th e observed values given in figure 2 for the position o f the re su ltan t of those forces w hich, acting on the fly, w ould d eterm in e its state o f m otion in free flight a t the m om ent o f liberatio n . This figure shows th a t th e line of action o f the resu ltan t passes behind the centre o f g rav ity in the individuals m a in tain in g w ing beats of this am p litu d e (140-150°). R ecalling the m a g n itu d e o f this resu ltan t, it seems pro b ab le th a t the dow nw ard p a th travelled on lib eratio n resulted from the observed ro ta tio n ra th e r th a n from in ad eq u acy o f the T ift' g en erated . T h e deficiency lay in the distrib u tio n o f forces in the system ra th e r th a n in th eir m ag n itu d e. Secondly, it was clear th a t the ro ta tio n a l tendency was lost as soon as forw ard speed h a d been acquired. In fact, if th e forceps holding the insect w ere trav ellin g forw ards a t an a p p ro p ria te speed, th e state of m otion o f th e insect rem ain ed u n ch an g ed on lib eratio n . This was d em onstrated by m o u nting the forceps holding the insect on a sm all trolley, d raw n along tw o horizontal wires by a cable from an electric m otor. T h e trolley travelled for a b o u t 3-0 m. p rio r to the release of th e insect, whose p a th on lib eratio n was observed directly against a squared background. T h e speed o f forw ard m ovem ent o f th e insect a t th e m om ent o f release was calculated from the tim e tak en to cover 1-0 m. im m ediately p rio r to the p o in t o f lib eratio n . In h o rizo n tal free flight it h a d been found in general th a t females o f this species, tim ed over distances of 3-0-5-0 m. in a straight course, travelled a t average speeds o f L 6-3-0 m. p er sec., a n d , fu rth erm o re, the im pression was gained th a t a t the low er speeds th e body axis o f the fly was inclined backw ards a t 20-30° to the horizontal. I t has alread y been noted in d eterm in atio n s w ith the insect held statio n ary in 'still a i r ', th a t th e in clin atio n o f the body axis to the horizontal is then of purely a rb itra ry im p o rtan ce, b u t this is clearly no longer the case w hen the insect (held stationary) is exposed to a stream of air or w hen, as here, the insect is m oving forw ards. O bservations w ere therefore m ade of the sudden liberation of flies w ith the body axis sim ilarly inclined to the h orizontal, an d travelling a t speeds of 1-0-3-3 m. per sec.
In sixty-five observations over this ran g e o f speeds it was found th a t only betw een speeds from T 6 to 2 -3 m. per sec. did any fly continue to travel along a h o rizo n tal p a th on liberation. A t 1*0 m. per sec. the p a th travelled in free flight was inclined m ark ed ly dow nw ards. L ib erated a t 3-3 m. p er sec. th e insect instan tan eo u sly lost speed, an d th e p a th was irregular. It is reasonable to assum e, therefore, th a t th e flight system was essentially sim ilar to th a t o f free flight in a straig h t line, w hen the insect was m o u n ted in the w ay described and travelling forw ards a t the speed o f n o rm al flight. A t low er speeds o f forw ard m ovem ent the system chiefly differed from this in th a t th e re su lta n t acted som ew hat behind the centre o f gravity, w hile w hen held statio n ary th e line o f action o f the re su ltan t was still fu rth er back. In this w ay th e gap has been b rid g ed betw een the system in free flight, whose direct investigation presents so m an y tech n ical difficulties, an d the flight system w ith the insect held statio n ary . In co m p arin g these it is now possible to pass m ore readily from the one to th e o th er.
(iii) The flight system with the insect held stationary and exposed to a stream o f air
In the previous section it was seen th a t the ch ief difference betw een the con d itio n w hen the insect was held statio n ary a n d th a t o f free flight lay in features co n n ected w ith the position of the line of actio n o f the re su ltan t ra th e r th a n its m a g n itu d e , a n d th a t the am p litu d e of the w ing b eat an d the forw ard m ovem ent o f th e insect w ere both closely concerned w ith the position o f th e resu ltan t. W e have now to decide w hether this difference can be accounted for in term s o f th e difference in th e airflow as com pared w ith th a t norm ally associated w ith forw ard flight.
This was investigated by using the b alan ce a lre ad y described in co n ju n ctio n w ith a sm all w ind tunnel. This w ind tu n n el, w hich was circu lar in section w ith a w orking section 6 in. in d iam eter, was constructed o f celluloid a n d h a d a shaped in tak e o f tu rn ed wood. In o rd er to reduce tu rb u len c e to dim ensions negligible for the p resen t inquiry, the en tran ce was fitted w ith a honeycom b o f artificial straw s, tig h tly packed and glued in position. T h e o th er end o f the tu n n el led by an ex p an d in g section to a suction fan of eight blades, driven by a half-horse pow er, d . c . m otor. T h e speed of the m otor was controlled by a rh eo stat, using a circu it described by S ch m itt (1938), w hich reduced the v ariatio n of m otor speed w ith ch an g in g voltage a n d was found to be most satisfactory. A hot wire an em o m eter, form ing one side o f a W heatstonebridge circuit, was used to m easure the speed o f airflow in th e w orking section o f th e tunnel. T h e anem om eter was m ade o f p la tin u m w ire, joVo inch in d iam eter, w elded to p la tin u m supports. T h e c u rre n t necessary to m a in ta in th e w ire a t a co n stan t te m p e ratu re a t a b o u t 58° C was m easured w ith a U niversal Avo M eter, an d a t this low te m p e ratu re the in stru m e n t was found to give reliab le readings dow n to 4 cm. per sec. T h e anem om eter was c alib rated u p to 420 cm. p er sec. by sw inging it on a w hirling arm ro u n d an enclosed circu lar track.
D eterm inations o f the position o f the line o f action o f the re su lta n t w ere a tte m p te d in a series o f tw enty-five individuals exposed to a stream o f m oving air (velocity 50-250 cm. per sec.) a n d inclined a t angles of 0-45° to th e d irectio n o f flow. A lth o u g h flies in 'still a i r ' m ay not continue to v ib ra te th e ir wings for long periods of tim e, w hen they do so the m ovem ents are on the w hole reg u lar. U n fo rtu n ate ly the b e h av io u r o f the insect w hen exposed to a stream o f a ir varies continually. T his v a ria tio n is p ro b a b ly due to n a tu ra l tu rn in g m ovem ents a n d g reatly increases th e difficulty o f using th e balance an d o f o b tain in g the series of readings necessary for each d e term in atio n . The p ractical difficulty is som ew hat co m p arab le w ith h aving to d eterm in e the aero d y n am ic properties of an aeroplane, w ith o u t being able to eject a p ilo t w ho, a t irreg u la r intervals, m anipulates the controls in an entirely erratic fashion. T h e tw enty-five d eterm in atio n s in 'still a i r ' an d the thirty-six d eterm in atio n s successfully concluded u n d e r w indtu n n e l conditions are n o t sufficient to define in d etail th e relatio n betw een th e position o f the resu ltan t, the in clination o f th e body axis, a n d the speed o f the stream of air to w hich the insect is exposed. T h e chief features o f these relations, how ever, are show n by the average values given in table 1. T h e d a ta have been divided acco rd in g to the in clination o f the body axis to the general stream o f th e air at ap p ro x im ately 0°, 15-29°, or 30-45°. In colum ns I, IV an d V II the h o rizo n tal distance o f the line o f action of the resu ltan t from the centre of gravity, w ith the w ing v ib ra tin g in 'still a i r ', is given for the individuals of each group. T h e erro r given as ± 0 -3 m m . is the m axim um error expected in any ind iv id u al d e term in atio n u n d e r th e conditions of this experim ent. T h e thirty-six determ in atio n s w ith the insect exposed to a stream of air are a rb itra rily divided into those in w hich th e speed o f the stream was over 200 cm. per sec., and those in w hich it was less. It will be seen th a t, after in tro d u cin g this vector into the airflow o f the flight system w ith the insect held statio n ary , the line of action of the resu ltan t moves forw ards an d comes to lie close to the centre o f gravity. T he m agnitu de of this shift is found by su b tractin g the ho rizo n tal distance betw een the centre of gravity and the line of action of the resu ltan t in 'still a i r ' from the corresponding figure in an airflow. C om p arin g these values for roughly sim ilar air- speeds in colum ns I I I , V I an d IX , it is evident th a t th e ad v an ce ten d ed to be g reater a t sm aller angles of inclination. It also ap p ears th a t a t the sm aller inclinations, th e advance tended to be g reater w hen th e insect was exposed to a stream o f air a t a higher speed. A t larger angles o f in clin atio n , 30-45°, the d a ta are o f d o u b tfu l significance in this respect.
F rom observations of free flight an d from the lib eratio n experim ents described above it is likely th a t the b ehavio u r o f individuals m o u n ted as illu strated in figure 1 corresponds to th a t of individuals in free h o rizo n tal flight a t speeds betw een 160 a n d 230 cm. per sec. B earing in m ind the figures in tab le 1, it m ay be expected th a t, w hen the insect is exposed to a stream of air having a velocity w ithin this speed range, w ith the body axis inclined a t 0°, th e re su ltan t will act in front of the centre o f gravity, w hile a t 30-45° inclination the resu ltan t will pass b eh in d it. W ithin this speed ran g e and a t inclinations betw een 15° an d 29°, a co m b in atio n of speed an d in c lin a tio n m ay be expected to occur in w hich the re su ltan t passes th ro u g h th e centre o f gravity.
In free flight, the p a th travelled m ay be h orizontal, or inclined u p w ard s or d o w n w ards. In the eq uivalent b ehav io u r u n d e r w in d -tu n n el conditions th e h o rizo n tal com ponent of the resultant, as m easured by the b alan ce, will rep resen t th e difference betw een the propulsive force an d th e resistance to m otion in th e d irectio n of flight, an d will be zero, positive or negative respectively, since in free flight a zero, negative or positive com ponent of the insect's w eight will be ad d ed , so th a t th e alg eb raic sum of these com ponents will be zero if the speed an d directio n of flight is constant. F o r the purposes of our com parison, h o rizo n tal flight m ay be tak en as a m e d ia n in th e range of n orm al behaviour. M easurem ents o f the h o rizo n tal c o m p o n en t o f th e re su ltan t in five individuals inclined a t 20-26° to th e d irectio n o f flow show ed th a t, for the range of b ehaviour exhibited, this co m p o n en t was zero betw een th e speeds o f 124 to 204 cm. per sec. This b ro ad ly overlaps b o th the observed ran g e o f speeds o f horizontal free flight, and the ran g e o f airspeeds to w hich the insect was exposed, over w hich the resu ltan t is expected to pass th ro u g h the centre o f g rav ity (the insect being held statio n ary a t sim ilar inclinations).
A m ore exhaustive analysis along these lines m ig h t well n a rro w dow n still fu rth er the range of experim ental conditions for each in d iv id u al w hich includes those co n d i tions consistent w ith a p a rtic u la r type o f free flight, th o u g h in p ractice the frequency of excursions from the insect's basic b eh av io u r w ould m ake this so difficult, th a t th e a tte m p t w ould not a t present be justified. E ven w ith o u t carry in g the analysis fu rth er, how ever, there are good grounds for the statem e n t th a t th e deficiency in the flight system w ith the insect held statio n ary in 'still a i r ', w hich we have been considering, can be accounted for by the difference betw een the airflow in this co n d itio n an d in th a t of no rm al free flight. F u rth erm o re , in so far as the re su ltan t considered here has rightly been reg ard ed as a n index o f th e w hole system (th a t is, th e flying insect together w ith the su rrounding a ir), it follows th a t, so far as steady flight is concerned, all deficiencies from the aerody n am ic p o in t o f view can be acco u n ted for sim ilarly.
T h e system w ith th e living insect held statio n ary in a w ind tu n n el an d exposed to a stream of air o f a p p ro p ria te speed an d directio n therefore provides the conditions we have been seeking. Conclusions reach ed by a study o f this system m ay be expected to hold for free flight.
. T h e a c t i o n o f a s t r e a m o f a i r i n d e t e r m i n i n g t h e p o s i t i o n o f T H E RESU LTA N T FO R CE (i) The direct action o f a stream o f air on the body o f the insect
T h e body o f a wingless insect was held in th e w ind tu n n el a n d exposed to a stream of air a t speeds over the range w ith w hich we are concerned. U sing th e b alan ce, no couple could be detected ten d in g to ro ta te the insect a b o u t a h o rizo n tal transverse axis passing th ro u g h the centre o f gravity. T h e change in position o f the resu ltan t w ith airflow w hen the wings w ere in ta c t was no t due p rim arily , therefore, to the d irect action o f the air on the insect's body, b u t was an effect involving the wings. I t has alread y been shown th a t the position o f the re su ltan t is d e p en d e n t u p o n th e am p litu d e of the w ing b e a t; we m ay now in q u ire w h eth er this am p litu d e is in tu rn d ep en d e n t on the airflow , a n d , if so, w h eth er this relationship accounts satisfactorily for the changes in position o f the re su ltan t w hich have been noted.
(
ii) The effect o f a stream o f air on the amplitude o f wing beat
I t is n o t p racticab le to m easure th e am p litu d e o f w ing b eat by inspection, u n d e r conditions in w hich the b ehaviour is so frequently changing. I t was therefore necessary to construct a sm all re c tan g u la r w ind tu n n el, w ith p late glass to p an d b o tto m th ro u g h w hich photo g rap h ic records o f the w ing am p litu d e could be m ade. T h e ch ief features of this a p p aratu s are described in A ppendix I I I .
T h e am p litu d e of w ing b e at was d eterm in ed in 'still a i r ' an d w ith the insect exposed to a stream o f a ir a t speeds of 140, 220 a n d 320 cm. p er sec. for ten flies inclined a t 0, 15, 30 and 45° to the direction o f the stream . Tw o p h o to g rap h s were taken for each set o f conditions an d two p h o to g rap h s of th e w ing vibrations in ' still a i r ' were m ade after every six exposures to serve as a control. M ore freq u en tly th a n not the am p litu d e of w ing b e at on th e two sides was different. (It is interesting to note, in passing, th a t associated w ith this, th e m etath o racic leg on the side o f lesser am p litu d e always extended fu rth er laterally th a n th e o th e r-an observation in contrast to those of Stellw aag (1916) on various insects in free flight, w here no com pensating leg m ovem ents w ere detected.) T h e angle betw een th e tw o wings a t the bottom of th e ir b eat was therefore taken as the best available substitute for w h at one w ould have preferred to be determ in atio n s o f am p litu d e w ith th e w ing m ovem ents b ilaterally sym m etrical. T h e range of b eh av io u r is illu strated by the histogram in figure 3 , w hich shows the frequency o f different values for this angle in the control determ inations for the ten individuals in 'still a i r '. T h e average of the values for all these control determ inations was 67°, a n d tw o-thirds of these lay w ith in th e ran g e from 60° to 88°. In figure 4 , the average value for the angle betw een th e wings a t the bottom o f th eir b eat has been p lo tted against the in clin atio n of th e body axis a t different airspeeds. E ach p o int on the g ra p h is the average o f tw enty d eterm in atio n s. T h e average value for 'still a i r ' is in d icated a t 67° an d the sta n d a rd d ev iatio n is represented by the two transverse broken lines. It will be seen a t once th a t th ere is 60° 67° 88°A ngle betw een the two wings at the close o f the downward beat a decrease in am p litu d e w ith increasing speeds o f airflow an d w ith increasing in c lin a tion of the body axis to the directio n o f flow, a n d th a t in gen eral th e am p litu d e is less in a stream of air th a n in 'still a i r ', u n d e r conditions w hich are in o th er respects sim ilar.
I t m ay be noted th a t since an increase in am p litu d e m ay be expected to p ro d u ce a forw ard displacem ent of th e line o f action o f the re su lta n t force g en erated , th e system being constant in o th er respects, th e increase in a m p litu d e on red u ctio n o f inclin atio n w ith constant airspeed, here reco rd ed , m ay acco u n t for th e g re a ter m ag n itu d e of the forw ard displacem ent o f th e re su ltan t show n by th e figures in table 1, w hen th e insect is exposed to a stream of a ir a t sm aller angles of in clin atio n . I t is also of interest th a t the sense o f these changes in a m p litu d e w ith in clin atio n is such th a t they will ten d to confer lo n g itu d in al stab ility on th e system. It has alread y been sh o w n : ( a) th a t a re d u c tio n in a m p litu d e in ' still air ' is w ith a backw ard displacem ent o f th e line o f action of the re su ltan t force relativ e to the centre of gravity of the insect, and (b) th a t th ere is a forw ard displacem ent of the resu ltan t in the reverse direction w hen the insect is exposed to a stream o f air. Since it now emerges th a t there is a reduction in am p litu d e in a stream of air, some th ird factor m ust be involved w hich is of sufficient influence to p ro d u ce a forw ard displacem ent o f the resu ltan t in spite of this reduction in am p litu d e. O n e such factor was d etected in a study of changes in th e p a th travelled by the w ing tip relative to th e insect.
(iii)
The path travelled by the wing tip relative to the insect A fragm ent of gold leaf was atta ch e d to the tip o f the wings, an d th e p a th travelled by the w ing tip, view ed w ith a m icroscope th ro u g h a circu lar w indow , C, figure 9, in the side o f the tu n n el, was reco rd ed w ith the aid of a c am era lucida. T h e fly, m ounted in the usual w ay, was su p p o rted opposite th e w indow . T h e p a th trav elled "still air MOcm./sec.
3 2+1 0 -1 2 3 3 2+10-123 by the w ing tip in 'still a i r ', as seen from this view point, is rep resen ted on th e left o f figure 5. I t is a curved, som ew hat elliptical p a th a n d q u ite d ifferen t from th e figure o f ' 8 ' course recorded by M arey (1868), whose observation is re p e ate d ly q u o te d by la te r w riters. T h e direction of the w ing b e at along this p a th was d e term in ed by M a re y 's m ethod. A glass h air, previously sm oked, was held for a m o m en t so th a t its tip lay in the p a th o f the w ing. S ubsequent ex am in atio n show ed th a t the glass h a d been scraped clean a t the tip, on the side th a t was facing th e d irectio n in w hich th e w ing h a d a p p ro ach ed the h a ir in th a t p a rtic u la r p a rt of its b eat. In 'still a i r ' th e figure o f ' 8 ' course was to be seen occasionally as a m o m en tary excursion from th e steady condition.
O n exposing the insect to a stream o f air (at 140 cm . p er sec. for exam ple) th e p a th travelled by the w ing d u rin g the d o w n w ard stroke m oved forw ards so as to lie th ro u g h o u t the g reater p a rt of its leng th in ad v an ce of th e p a th o f the u p w a rd stroke a n d in crossing it p roduced a figure o f c8 ' p a th , illu strated on the rig h t of figure 5. This was tru e also o f Musca domestica, as is show n in th e u p p e r p a rt o f figure 6. T h e re was a t the sam e tim e a b ack w ard d isp lacem en t o f th e u p w a rd p a th . T h e m ag n itu d e o f this fore an d aft displacem ent o f th e w ing p a th relativ e to th e insect for eight individuals is represented in the low er p a rt of figure 5, as explained in th e legend to th a t figure. N o change was observed a t an y tim e, how ever, in th e in clin atio n o f the general plane o f m ovem ent o f th e wings, co m p arab le w ith th a t described by Stellw aag (1916) in the bee, Apis mellijica. Q u ite a p a rt from an y changes in th e position o f th e centre o f pressure relative to th e w ings-such as D em oll (1918) has suggested m ay play a p a rt in giving stability in insect flight-or changes in th e m ag n itu d e o f the forces acting in different parts o f th e b eat, this m odification in the p a th trav elled by the w ing relative to the body w ould be expected to p ro d u ce a considerable displace m ent o f the re su ltan t force, such as has been show n in fact to occur w hen th e insect is exposed to a stream of air.
T h e p a th travelled by the wings u n d e r an y set o f conditions will be th a t in w hich th ere is equ ilib riu m betw een the aero d y n am ic forces acting on the w ing surface, an d those forces, im posed u p o n the w ing a t its base, w hich result from th e n a tu re o f th e w ing a rtic u la tio n a n d the applied forces o f m uscular origin. A change in p a th m ay be in itiated by m odifications in either o f these. W e m ust consider n ex t w h eth er th e observed changes in p a th result prim arily from th e form er, the aero d y n am ic side o f the equilibrium , or from the la tte r, th e physiological side.
T w o types of change in w ing m ovem ents w ith a lte ratio n of airspeed a n d in clin atio n have been noted alread y an d described respectively in term s o f (a) th e am p litu d e in the general plane of m ovem ent o f the wings, a n d (b) the fore a n d aft displacem ent (along the body axis) of the p a th travelled by the wings on th e ir u p w a rd an d , m ore particu larly , on th e ir dow nw ard course-effects w hich it is recognized m ay be only conspicuous features o f m ore com plex p h enom ena. A lthough, m a th em atically speaking, any change in w ing p a th can be defined in term s of these tw o com ponents, and although a change in one o f these usually involves to some ex ten t a change in the other, biologically, these two a p p e a r to be sep arate p h en o m en a controlled by distinct an d separate m echanism s. In an aesth etized insects w hich did no t respond to visual or tactile stim uli, changes in am p litu d e o f b e at still occurred, b u t th ere was no forw ard displacem ent of the dow nw ard b eat, giving th e figure o f ' 8 ' course. T h e la tte r m ust, therefore, result prim arily from changes on the physiological side o f the equilibrium , an d m ay involve a sensory inflow from p e rip h e ra l sense organs. T h e changes in am p litu d e, on the o ther h a n d , m ay n o t necessarily be d ep en d en t on impulses of p erip h eral origin, and m ay result directly from changes in the aero dynam ic side of the system : airflow + w ing + a rticu latio n an d associated m usculature, V ol. 230. B.
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while on the physiological side, one of the factors concerned in subsequently re establishing equilibrium m ay be the loading of the muscles w hich v ib rate th e wings. U nlike frequency, the amplitude o f eith er w ing can be varied in d ep en d en tly . In D ip te ra such as R och (1922) has show n th a t the freq d ep en d en t upon the loading o f the w ing on th e side on w hich th e load in g is the greater, an effect perhaps involving nervous co -o rd in atio n . In his experim ents, th e reduction in m ag n itu d e of the forces concerned (p roduced by sh o rten in g th e wings) should operate th ro u g h o u t the w hole b e a t; one suspects, how ever, th a t th e perio d w hen th e w ing, tow ards the close o f the do w n w ard b eat, sweeps forw ards before continuing on its u p w a rd course m ay be o f special im p o rtan ce in respect o f a m p litu d e . T h e loading of the muscles will depend chiefly u p o n the c o m p o n en t of the a ero d y n am ic force acting on the wings, resolved p arallel to the general p lan e in w hich the w ings vibrate. O n the dow nw ard b e at the p ro p o rtio n of the aero d y n am ic force w hich can be resolved in this plane will becom e g reatest a t some stage d u rin g th a t phase a t th e bottom of the stroke, w hen the w ing is ro ta te d a b o u t its long axis. D u rin g th e sam e phase, the w ing also passes th ro u g h an a ttitu d e w hen the c h o rd -a line transverse to the long axis o f the w ing a n d jo in in g the fore a n d h in d b o rd ers-is a t rig h t angles to the stream o f air to w hich the insect is exposed. It is likely, therefore, th a t th e increase in loading o f th e muscles due to an increase in the speed o f th e airflow will be m axim al d u rin g this phase of the beat. T h e exact position in w hich this occurs will depend on th e inclin atio n of the body axis to th e d irectio n o f th e airflow . A t sm all angles o f in clination it m ay occur after the wings have passed th e low est p o in t in th eir p a th , a t larger angles it m ay occur before this, a n d so lead to a g re a te r red u ctio n in am p litu d e. H ere, th en , is a te n tativ e suggestion as to th e m echanism involved in re-establishing eq u ilib riu m betw een the aero d y n am ic a n d physiological sides of the system ; it entails a change in a m p litu d e, w hile satisfying th e co n d itio n th a t nervous im pulses o f p e rip h e ra l origin are n o t involved, an d is d e p e n d e n t on th e speed of the stream o f a ir relative to the insect an d on the angle o f in c lin a tio n o f th e body axis. T h e forw ard displacem ent o f the do w n w ard b eat, on th e o th e r h a n d , follows prim arily from the physiological side o f the e q u ilib riu m an d will be considered next.
T i p u l a, Laphria and C a l l i p h o r a,
iv) The role o f the antennae inflight
O ne physiological condition w hich, it is im m ed iately a p p a re n t, is associated w ith the airflow of the system, is the tonus of the muscles th a t d eterm in e th e a ttitu d e of th e legs an d ab d o m en in flight. W hen w alking or stan d in g , th e attitu d e s o f the legs o f an insect, such as a cockroach, are influenced by stim uli from receptors situ ated a t the leg joints. A m ong these are the cam p an ifo rm sensilla w hich, as show n by Pringle (1938) , respond to stress w ithin the cuticle o f th e leg jo in t, associated w ith th e su p p o rt of the w eight o f the insect's body. W hen the insect is su p p o rted so th a t th e legs are not in co n tact w ith the su b stratu m , th e conditions for the p ro d u c tio n o f these stim uli no longer exist, and in M . stahulans the legs th en h an g lim ply dow n. As soon as th e insect is exposed to a stream o f air, the legs are pulled u p , so th a t the fem ora a n d tib iae o f the pro-an d m eso-thoracic legs are held against th e sides o f the th o rax , th e ir tarsi lying close u n d e r th e h ead, w hile th e m eta-th o racic legs are extended. T his a ttitu d e is shown in figure 1, G. A sm all je t o f a ir was used to locate th e p ro p rio ceptors concerned in this response. T h ey w ere found to be situ ated in a sm all a re a of th e head contain in g the a n ten n a e . T h e response was elicited u n d e r the following c o n d itio n s:
( 1) w ith the first jo in t o f b o th a n te n n a e coated w ith w ax a n d rigidly fixed to the head b u t w ith the second an d th ird jo in ts free;
(2) w ith the first an d second jo in ts coated an d fixed in this w ay, an d w ith the th ird jo in t free; (3) w ith the arista coated an d fixed to the th ird jo in t w ith w ax, b u t w ith th e a n te n n a e otherw ise free.
T h ere was either no response to a stream o f air, or the legs w ere held in th e flight a ttitu d e b o th w ith a stream o f air an d in 'still a i r ' w hen
( 1) the w ax was extended from the second to th e th ird a n te n n a l jo in ts, (2) the top of a sm all colum n o f w ax b u ilt u p on the gena o f each side o f the h ead was atta ch e d ju st to the tip o f the th ird a n ten n a l jo in t, thus holding the a n te n n a o f each side rigidly b u t n o t the arista.
C learly the response is d e p en d e n t u p o n m ovem ent o f th e th ird a n te n n a l jo in t relative to the second. T h e apex o f th e second jo in t is conical, a n d th e base o f th e th ird jo in t fits over this, giving considerable freedom o f m ovem ent, chiefly o f a ro ta tio n a l ch aracter. T h e an ten n ae, w hich project forw ards an d som ew hat laterally, w ere observed th ro u g h a m icroscope. T h ey w ere held a little m ore erect w hen in a stream of air, an d the air im pinging on th e th ird jo in t a n d its arista p ro d u ced ro ta tio n relative to th e second jo in t. T h e degree o f ro ta tio n clearly v aried w ith th e d irection and velocity of th e stream of air, tho u g h no q u a n tita tiv e study o f this has been m ade. A t this jo in t is situated th a t elaborate sensory stru ctu re, J o h n sto n 's O rg a n , w hich occurs th ro u g h o u t this class of the A rth ro p o d a. Eggers (1924) has alread y p o in ted out in Calliphora vomitoria th a t this org an w ould respond to passive m ovem ents o f the a n ten n a ra th e r th a n to active m ovem ents by the an ten n a l muscles, an d has suggested th a t it m ay be concerned in responses to a ir m ovem ents. O n e is certain ly tem p ted to connect the reactions described above w ith th e function o f J o h n s to n 's O rg a n in this species, and to connect w ith this also certain o th er responses to airflow , considered below, w hich form an integral p a rt o f no rm al flight.
T h e role o f the a n ten n a e was fu rth er studied in this connexion by observing the flight m ovem ents w ith the insect in a w ind tu n n el, b u t w ith the a n ten n a e eith er rem oved or isolated from the flow in the su rro u n d in g air. T h e la tte r was effected by enclosing the insect's head in a sm all tran slu cen t half-capsule o f celloidin. These w ere m ade in various sizes on the ro u n d ed ends of glass rods of different diam eters. Since the arista of each side projects laterally, these w ere cut short, an d a half-capsule o f suitable size slipped over the head o f th e insect an d held in position w ith a th in w ire, atta ch e d by w ax to the outside o f th e capsule in front, a n d b eh in d to th e w ire sup p o rting the insect. This th in w ire was sufficiently flexible to allow a certain a m o u n t of m ovem ent. T hus w ith o u t g reatly m odifying th e shape presen ted to th e air or interfering m arkedly w ith the illu m in atio n of th e eyes, th e a n te n n a e w ere left p ro jectin g freely into a sm all volum e of still air, w hile th e rest o f th e insect was exposed to the flow outside. W ith the a n ten n a e isolated in this w ay in seven individuals it was found th a t vigorous w ing v ib ratio n s w ere m a in ta in ed so long as th e insect was ju st sufficiently anaesthetized to give no responses to tactile stim uli, such as to u ch in g the feet, w hich norm ally stopped the v ib ra tio n o f the w ing im m ediately. T h e presence of th e capsule did not, therefore, interfere w ith th e m echanism of w ing v ib ratio n . O ne h o u r later, how ever, w hen th e insect was no longer an aesth etized , w ing m ove m ents w ere not regularly m a in tain ed , eith er in ' still air or in a stream o f air in th e w ind tunnel. F raenkel (1932) has n o ted th a t w ing m ovem ents w ere m a in ta in e d in certain of the O rth o p te ra and O d o n a ta , w hen a stream o f a ir was blow n a t th e m from directly in front. I t is clear from th e observations ju s t described th a t th e a n te n n a e play an im p o rta n t p a rt in the sim ilar reactions show n by Muscina stabulans. T h e reason w hy the insect, fitted w ith a capsule, does n o t co n tin u e to v ib ra te its wings in 'still a i r ' is, possibly, th a t the a n ten n a e are isolated from th e airflow , c re ate d by the wings them selves, w hich m ay n o rm ally influence th em , w hen th e insect is held statio n ary in nom inally still air. Since th e insects do n o t co n tin u e to v ib ra te th eir wings w ith the a n ten n a e isolated in this w ay, this m ad e fu rth er study o f th eir role in flight m ore difficult. F o rtu n ately , how ever, m a terial suitable for fu rth er analysis was found am ong individuals whose a n te n n a e h a d been rem oved.
In the following observations the p ro ced u re was to an aesth etize th e insect, m o u n t it on a w ire in the usual w ay, an d hold it do rsu m dow nw ards w ith th e a n te n n a e resting against the edge of a m icroscope slide. E ach a n te n n a was th e n rem oved by a dow nw ard cut against th e slide w ith a sh arp knife. A lth o u g h th e m eth o d was stan d ard ized as far as possible, one respect in w hich in d iv id u al op eratio n s differed was in the am o u n t of a n te n n a l nerve th a t cam e aw ay w ith each a n te n n a . W h at effect, if any, this m ay have h a d on in d iv id u al b eh av io u r was n o t successfully d eterm in ed . In divid uals so tre a te d w ere th e n released from th e ir w ire su p p o rt, a n d k ep t isolated in n u m b ered lam p-glasses stand in g in a shallow dish o f w ater. E ach glass was covered w ith m uslin a t the top an d plugged w ith co tto n wool a t th e b o tto m . H o n ey was provided, an d in this w ay individuals w ere k ep t for re p e ate d observations.
For some hours after this o peratio n , the insect (m o u n ted on its su p p o rtin g w ire) did n o t cease to v ib ra te its wings, an d the legs w ere held as in flight. O n e d ay la te r this effect of the o p eratio n was no longer observed. W ing v ib ratio n s w ere in itia te d by breaking co n tact betw een the feet an d su b stratu m a n d th e perio d d u rin g w hich th e wings continued to b e at was tim ed w ith a stop w atch . E leven in d iv id u als w ere selected a t ra n d o m from the stock cages; from six o f these th e a n te n n a e w ere rem oved, five w ere left in ta c t as controls. T h e tim es o f five successive d eterm in atio n s of th e period d u rin g w hich the wings contin u ed to b eat, in 'still a i r ', an d w ith a flow o f 140 cm. per sec., are given in tab le 2 . T hese d eterm in atio n s w ere m ade one d ay after ex tirp atio n o f th e a n ten n a e , re p eated th ree days la te r, an d yet ag ain 29 days after the o p eration in the cases o f Nos. 113 $ a n d 115 $, w hich w ere th e n still alive an d active. From this it will be seen first th a t w ith o u t th e a n te n n a e a stream o f a ir h ad no m arked effect on the d u ra tio n of w ing v ib ratio n s; secondly th a t th e individuals fell into tw o groups, those, such as 1 1 4 $ , 115 $ an d 118 $, w hich ten d ed to co n tin u e to v ib rate th e ir wings u n d e r all conditions, a n d those w hich did not. In d iv id u als sim ilar in b eh av io u r to those of the form er g ro u p m ad e possible fu rth er analysis o f to a stream o f air, a n d th e a tte n d a n t forw ard d isp lacem en t o f th e re su lta n t force involve, therefore, a t least one in itia tin g factor w hich is physiological ra th e r th a n aerodynam ic. T h e m ain ten an ce o f this figure an d th e forw ard position o f the re su lta n t is associated w ith th e effect of a stream o f a ir in p ro d u cin g a n a n g u la r deflection o f the th ird a n te n n a l jo in t relative to th e second. In considering fu rth er how this change in w ing p a th occurs, it will be recalled th a t in the D ip te ra two systems o f muscles are concerned in flight. T h e re are first th e ' in d irect muscles ' acting on the th o rax , w hich is th ereb y periodically d e fo rm e d ; this effect, tran sm itted th ro u g h th e articu latio n , produces v ib ra tio n of the wings. T h e periodic action o f these muscles appears to be self-m aintained, in th a t if th ere are stim uli o f p erip h eral origin concerned in m ain ten an ce o f v ib ra tio n these are n o t abolished by an anaesthetic sufficient to elim inate responses involving th e eyes a n d tactile organs o f the legs. Secondly th ere are the 'd irect m uscles', inserted a t various points on the w ing b a se ; phylogenetically, certain o f these are ' p rim arily leg muscles th a t have been given over to the service o f th e w in g s' (Snodgrass 1935) . S tim u latio n o f the an ten n a l organs involved in the responses noted above clearly influences the tonus o f the leg muscles. I t seems likely th a t th e m odification o f th e w ing p a th in a stream of air m ay result sim ilarly from th e influence o f these sensilla on th e ' d irect m uscles' o f the flight system.
T h e im p o rtan ce o f th e an ten n a e in flight d em o n strated here m ay be sum m ed u p as follows:
1. T h e influence of airflow on the a n ten n a e is n o rm ally necessary for th e m a in tenance o f w ing vibrations.
2. R esponding to m ovem ent of the th ird relative to th e second jo in ts are sensilla (Jo h n sto n 's O rg an ?) w hich are stim ulated by the flow o f air associated w ith forw ard flight.
3. T h e stim ulation o f these sensilla influences th e tonus o f th e leg muscles, so th a t in flight the legs are held in the characteristic flight a ttitu d e .
4. This stim ulation also influences the p a th travelled by th e w ing tip , possibly th ro u g h an effect u p o n the 'direct m uscles' o f the flight system.
(v) The influence o f the halteres
A n anaesthetized individual flew stably so long as it was b ilaterally sym m etrical. I f the tip of one w ing was cut off, flight u n d e r anaesthesia was no longer stable, th o u g h the insect flew well enough la te r w hen th e influence o f the anaesthetic h ad passed off. This suggested th a t there are sense organs w hich are concerned in th e m ain ten an ce o f stable flight and th a t the responses o f these as well as the visual a n d tactile faculties h ad been elim inated by the anaesthetic used. In th ree individuals o f th e series in w hich the w ing p a th was recorded by the m ethod previously described, the halteres w ere m u tilated by cutting off the term in al knob from each. T h e o p eratio n was perform ed three days before the records were m ade. In a flow o f 140 cm . p er sec. the p a th travelled was found to a lte rn ate betw een th e figure o f ' 8 ' course n o rm ally m ain tain ed w hen the insect was exposed to a stream o f air, an d th e elliptical course characteristic o f w ing m ovem ents in 'still a i r ', so th a t b o th tracks w ere visible to th e eye sim ultaneously, w hile a t the hig h er speed of 220 cm . p er sec. a figure o f ' 8 ' course was continuously m ain tain ed . Fraenkel an d Pringle (1938) have called a tte n tio n to the likelihood o f the cam paniform sensilla o f the h alteres being sensitive to th e stresses produced by ro tatio n o f the flying insect in an y p lan e except in th e p la n e of v ib ra tio n of the halteres them selves, an d have d em o n strated th e loss o f stab ility in various species of D ip tera on cu ttin g off these organs. T h e above observations show th a t associated w ith such m u tilatio n are m odifications o f w ing m ovem ents o f a type th a t greatly influences the position of th e re su ltan t force an d , hence, th e m a g n itu d e o f th e integral concerned in lo n g itu d in al stability.
In considering lo n g itu d in al stability, it m ay be no ted th a t, d u rin g th e d o w n w ard beat, only a forw ard displacem ent o f th e p a th o f th e w ing is possible from th e elliptical course associated w ith 'still a i r '. W ith th e figure o f ' 8 ' course it ap p ears to be possible for this p a th to be displaced forw ards or backw ards, b rin g in g into actio n a pow erful positive or negative restoring in teg ral. T h e possibility o f this g re a ter m easu re o f control in n o rm al flight arises from th e influence o f th e a n te n n a e in m a in ta in in g conditions in w hich the dow nw ard p a th o f th e w ing is som ew hat forw ard relativ e to the p a th in 'still a i r ', thus allow ing disp lacem en t in eith er direction. T h e in te ra ctio n o f the sensory inflow from the a n ten n a e an d halteres, u p o n w hich th e p a th o f th e w ing relative to the insect depends, is a subject for fu rth er study. I t rem ain s to be seen w h eth er in this connexion th e function of th e a n te n n a e can best be described as 'k in e tic ', using the term as applied by W igglesw orth a n d G illett (1934) to th e a n te n n a e o f the b ug Rhodnius.
T h e physiologist is fam iliar w ith th e difficulty o f rig h tly assessing th e fu n ctio n o f an organ by observing m u tila te d or an aesth etized individuals. T h e difficulty arises n o t only because certain processes are m odified or elim in ated in such cases, b u t also because of the inevitable re a d ju stm en t in activ ity th ro u g h o u t th e re m a in in g w hole. A sim ilar b u t m ore profound difficulty will have been n o ted in th e p resen t analysis, for it is n o t sufficient to re g a rd th e 'rem ain in g w h o le ' as m erely th e rest o f th e insect. R ea d ju stm e n t extends in to th e su rro u n d in g air w hich, as we h av e seen, form s an essential link in a closed circuit, w hich m ay be b ro k en w ith in th e a n im al, by cu ttin g off the a n ten n a e , or outside it, by in te rru p tin g th e n o rm al flow o f air. T h e com pass of this system is w ide, since th e air com m unicates th e su p p o rtin g forces to th e lim its o f a circum scribed universe. F or th e purposes o f calcu latio n a n d analysis, it becom es a p ra c tica l necessity to recognize th e u n ita ry c h a ra c te r o f th e system , even th o u g h the a p p ro p ria te boundaries can only be a rb itra rily defined. T his has d ic ta te d th e m ethod used in the present analysis, w here a single force, rep resen tin g th e w hole system an d susceptible to changes in an y p a rt o f it, has been th e subject o f special study.
M y g ra titu d e to Prof. J . G ray c an n o t a d eq u a te ly be expressed by form al acknow ledgem ent. I should like to record here th a t this w ork was u n d e rta k e n a n d has developed as a result o f his in itial in terest a n d co n tin u ed en co u rag em en t. M y w arm est thanks are due to him for his in v alu ab le advice in all stages o f this research. 
I. The method o f mounting living insects fo r experiments
A sm all cau tery was constructed by m o u n tin g tw o pins in an ebonite h an d le, soldering to th eir points a sm all loop of No. 34 E u rek a w ire an d to the h ead o f each a flex, com pleting the circuit w ith a 2 volt a cc u m u la to r a n d 2 ohm rh eo stat in series. T h e rh eo stat was adjusted so th a t the w ire loop was a t a te m p e ra tu re ju s t sufficient to m elt 56° G em bedding wax. A sm all d ro p o f such w ax was tak en on to th e loop as show n in figure 1, A. T his was tran sferred to th e tip o f a 5 cm . len g th o f sim ilar E u rek a w ire having a d iam eter o f a b o u t 0-2 m m . T h e w ire was held inclined som e w h a t dow nw ards a n d h eated by pressing th e cau tery against it, w h ereu p o n th e w ax flowed to the tip as show n in figure 1, B. I t was th e n allow ed to cool. F o r convenience d u rin g m ounting, the fly, lightly anaesthetized w ith ether, was p laced in a closely fitting groove cut in a sheet of cork. T h e w ire was held h o rizo n tally a n d sym m etrically relative to th e fly, so th a t the w ax globule was in c o n tact w ith th e m esothorax, a n d the w ire reach ed forw ards as far as the transverse suture. T h e w ax was th e n m elted w ith a touch o f the cau tery an d , flowing on to th a t region o f th e scutum devoid of m acrochaetae, solidified there im m ediately. A fly thus a tta c h e d w ith the legs in the a ttitu d e characteristic of free flight is shown in figure 1, C. A sh arp p u ff o f a ir from below an d b ehind the insect usually blew the wings forw ards an d in itia te d th eir v ibration. T h e wings frequently contin u ed to v ib rate even th o u g h the insect m ig h t n o t have recovered sufficiently from th e anaesthetic to show an y response to visual an d tactile stim uli. R ecovery was hastened w hen the wings w ere v ib ra tin g a n d h a lf an h o u r la te r the b ehaviour did not a p p e a r to differ from th a t o f an insect th a t h ad not been anaesthetized.
II . The design, calibration and use o f an aerodynamic balance
T h e essential features of the balan ce are shown in figure 7. Its housing was a shallow tro u g h m ade of brass and divided by th e p a rtitio n , J , figure 7, into two com p artm en ts, the larger of w hich contain ed condenser oil o f suitable viscosity. T h e V ol. 230. B.
suspension consisted of a th in flexible ro d o f pyrex glass, K , cem en ted a t one en d in to a brass ball, F, clam ped in its socket by th e screw, G. A t th e o th er end o f th e ro d was a bow of glass, N, across w hich a glass fibre, , was stretch ed . T h e glass rod, bow a fibre w ere all in one piece w hich extended h o rizo n tally from its p o in t of a tta c h m e n t, as shown in the sectional elevation in th e u p p e r p a rt o f figure 7. T h e b a lan c e a rm , Qy Q2ZV, w hich was also o f glass an d in one piece, was lightly co n stru cted b u t w ith struts so placed as to m ake it sufficiently rigid. T h e ch ief features o f its shape will be seen from the p la n in figure 7 . A bridge-like p o rtio n , 0 , connects th e p a rt in th e oil b a th w ith the long projecting a rm , Q2Z V , w hich lies in the sam e p la n e outside. T h e balance arm rests on the fibre a n d is cem en ted to it a t tw o points, L x a n d L 2. I t is loaded a t Q x a n d Q2 so th a t th ere is very nearly a n even d istrib u tio n o f w eight a b o u t these points o f a tta c h m e n t, b u t the w eight a ctu ally su p p o rted by th e fibre is sm all, since four floats, R, are fixed to the b alan ce a rm . E ach o f these is a g elatin e capsule, sealed w ith an aceto-cellulose varnish, the tw o co m p o n en t p arts w hich form the capsule being fitted to g eth er in such a position th a t th e req u isite volum e o f oil is displaced. In th e p lan in figure 7 the b alan ce a rm is rep resen ted as resting on supports a t the th ree points P 1, P 2, P 3, an d on the block, Y. O n rem oving th e block an d low ering th e th ree supports by th e a rre stm en t lever, , th e w hole system projects horizontally from its p o in t o f a tta c h m e n t a t th e base o f the glass suspension ro d a n d swings freely, th o u g h vibrations are effectively d a m p ed by th e oil in th e b a th . Its m ovem ent m ay be resolved into th ree c o m p o n e n ts: b en d in g o f th e suspension ro d in a v ertical a n d in a n h o rizo n tal p lan e, a n d rocking o f th e b a lan c e a rm a b o u t its supp o rtin g torsion fibre. T h ree m irrors w ith a lam p a n d scale are so a rra n g e d th a t the deflection of the b eam from each on th e scale is d e term in e d by one o f these m ovem ents an d in d e p en d e n t o f th e o th er tw o. M irro r A is tilte d by m ovem ents o f the suspension rod in a v ertical p lan e, these being c o m m u n icated by th e lever, S. M irro r B is sim ilarly tilted a b o u t an axis p a ra llel to th a t o f A by d isp lacem en t o f th e rod in a ho rizo n tal plane. M irro r C is m o u n te d directly on th e b a lan c e arm .
T h e w ire suppo rtin g the fly, T , a tta c h e d in th e m a n n e r described in A p p en d ix I, fits into the end o f th e tu b u la r b alan ce a rm , V. W hile sliding this in to position w ith the left h a n d th e tip o f th e b alan ce a rm is su p p o rted on th e block a n d h eld firm ly w ith the th u m b o f the rig h t h a n d ag ain st th e sh ap ed m etal angle-piece, W. T his o p eratio n com pleted, th e block is rem oved. W hen th e a rm is sw inging freely th e a n g u la r deflection from th e zero o f m irro r A is p ro p o rtio n al to th e v ertical c o m p o n en t o f th e re su ltan t force acting, th a t o f m irro r B to its h o rizo n tal co m p o n en t. T h e w hole b alan ce is m o u n ted w ith its m irrors n e a r th e cen tre o f a sem icircu lar tra n slu c e n t scale 20 cm. in radius, as show n in figure 8, a n d w hen the m irrors a re illu m in ate d by th e lam p , th e beam s reflected from m irrors A a n d B traverse 7 cm . o f scale for each 10 m g. change in v ertical or h o rizo n tal co m p o n en t respectively. T h e e lectro m ag n et o f a sm all bell (figure 8) is m o u n ted so th a t th e clap p er, I, figure 7, strikes th e w all o f th e b alan ce housing. T h e circu it being m o m en tarily co m p leted by depressing th e key, h an d le w hich fitted on to an arm , H, figure 7, allow ing control. This a d ju stm en t was necessary a t intervals, since th e suspension ro d show ed a d etectable sag after a few days' use; the calib ratio n was periodically checked.
C alib ratio n to relate the torsion a b o u t th e fibre w ith the couple actin g is n o t necessary, as a null m ethod is em ployed in d eterm in in g th e position o f th e re su lta n t force. F or this d e term in atio n a lens is sw ung into position below th e lam p , as show n in figure 8. This focuses an im age of a cross-wire reflected from th e m irro r C on to a finely ruled region of the scale im m ediately above it. T hese read in g s are alw ays m ade w ith the aid o f a m agnifier an d can be d eterm in ed to T O T m m . A com plete series o f such readings covers a ran g e o f n o t m ore th a n 3 m m . on the scale, so th a t the change in inclin atio n o f the insect due to ro ta tio n o f th e b alan ce a rm is so sm all as to be neglected.
In all d eterm in atio n s of this sort th e position of the fly relativ e to th e axis of ro ta tio n of the b alan ce a rm m ust be know n. For this, the position o f th e axis o f ro ta tio n o f the balance arm relative to a suitable fixed p o in t on the a rm is d eterm in ed , w hen th e a p p a ra tu s is calib rated , a n d this is periodically checked, w hile in each in d iv id u al case a quick a n d a ccu rate m ethod is used to reco rd th e position o f th e fly relativ e to this fixed p o int of reference. T h e la tte r p ro ced u re can best be a p p re c ia te d by reference to figure 7. W ith th e lens referred to above sw ung to one side, lig h t from th e lam p used to illum inate th e m irrors falls on th e prism a n d projects a silhouette o f th e fly a n d th e tip o f the balance arm on to a screen, U. T his screen is g ra d u a te d in m illim etre squares, an d th e position on the screen o f the tip o f the w ire su p p o rtin g the fly, w hich lies im m ediately over the transverse suture, is in each case n o ted an d easily reco rd ed to w ithin ±0*25 m m . W ith the balance a rm in its a rre stm en t position, the shadow o f the tip of th e b alance arm lies a t th e zero o f th e g rad u atio n s on th e scale a n d is tak en as the p o in t o f reference. T h e position o f th e axis o f ro ta tio n relativ e to this was d eterm ined em pirically. A h orizo n tal w ire was fitted into th e tip o f th e a rm an d the deflections produced by h an ging a w eight a t various positions on it w ere p lo tted against th e distance of these from the p o in t o f reference. T h e p o in t o f in tersectio n o f a series o f such curves for different w eights gave the h o rizo n tal distance o f th e vertical line intersecting the axis o f ro ta tio n from the p o in t o f reference. T o d eterm in e the p oint of intersection of the axis w ith this vertical line, it was necessary to p lo t sim ilar curves for the deflections p roduced by h o rizo n tal forces ap p lied a t different levels. A steel p in -h ead was m o unted a t different levels on a su p p o rt co in cid en t w ith th e vertical line alread y determ ined. T h e h o rizo n tal forces w ere a p p lied by an electro m agnet, whose position was adjusted so as to give th e desired h o rizo n tal force, d e te r m ined from the scale read in g of m irro r B, an d a zero vertical co m irro r A.
In this a n d in all readings o f the deflection o f m irro r C, a p relim in ary correction is necessary. T h e an g u lar deflection of m irro r C w hich it is desired to m easure is th a t a b o u t the axis o f ro ta tio n of the fibre. T h e corresponding scale read in g is unaffected by ro ta tio n of m irro r C a b o u t a horizontal axis a t rig h t angles to the axis o f ro ta tio n , such as is caused by changes in the load on th e b alan ce arm . This read in g is not, how ever, in d ep en d en t o f ro ta tio n o f m irro r C a b o u t a vertical axis, such as is p ro d u ced by applying a horizontal force to the b alan ce arm . Before tak in g an y read in g it is, therefore, necessary to correct this by ro ta tin g the w hole b alan ce a b o u t th e v ertical axis, F, figure 7, until this ro tatio n o f m irro r C is zero relative to the scale. For this purpose a fourth m irror, D , is m o unted on a v ertical su p p o rt arising from the balan ce arm . A lam p and scale are placed as in d icated in figure 8 (scale an d reflected beam only being represented) and the above correction is easily effected by ro ta tio n of the balance u n til the spot on this scale re tu rn s to zero. By this m eth o d the p o in t of intersection of the axis of ro ta tio n of th e b alan ce arm , figure 7, w ith a v ertical plane, ab, containing the tip of the b alan ce arm , was found to lie w ith in a circle 0-3 m m . in d iam eter for the ran g e o f v ertical a n d d o w n w ard , a n d h o rizo n tal an d forw ard forces of 0 to 50 an d 0 to 28 mg. respectively.
T h e position of the re su ltan t force actin g on the fly, u n d e r any set o f conditions in w hich the system is b ilaterally sym m etrical, is defined in term s of the distance of th e p oint of intersection betw een the line o f action of th e re su lta n t an d th e long axis of the body from the centre o f gravity. T h e long axis passes th ro u g h the cen tre o f g rav ity , the position of w hich, relative to the outline of the body, is show n in figure 2 . I f it is req u ired to know the p e rp e n d icu la r distance of the re su ltan t from th e cen tre of gravity in ord er to calculate the m ag n itu d e of the couple ten d in g to ro ta te th e insect a b o u t its centre o f gravity, this can read ily be d ed u ced from th e figure giving th e position of the line o f action as defined here an d from a know ledge o f th e m ag n itu d e of the angle betw een the line o f action an d the body axis. T h e w ay in w h ich this distance was m easured is best illu strated by following a d e term in a tio n of th e position o f the centre of gravity and of the distance from it of th e re su lta n t actin g w hen a fly supported on the b alan ce in 'still a i r ' perform s reg u lar w ing m ovem ents. T h e w ire supporting the fly can be pushed into the tu b u la r end o f th e b alan ce a rm so th a t th e distance, X, figure 7, betw een th e transverse su tu re o f th e fly a n d the axis o f ro ta tio n o f the balance arm , xy, m ay be varied. T h e deflections o f m irro r C are p lo tte d ag ain st this distance for four different values o f X w ith the fly m otionless. These values thus p lo tted give a straig h t line. A t th e close o f th e d eterm in atio n s sim ilar readings are taken for the w ire su p p o rt w ith o u t the insect a tta c h e d , giving a second line w hich cuts the first. W ith the suppo rtin g w ire in the position d en o ted by this p o in t o f in te r section, the an g u lar deflection of the b alan ce a rm is th e sam e, w h eth er or n o t th e insect is attach ed . In this position the w eight o f the insect m ust, therefore, act th ro u g h the axis of ro ta tio n of the b alan ce arm , whose position relativ e to th e fly is know n. T h e position o f the centre of grav ity o f the fly on its body axis is thus o b tain ed . Sim ilarly, w ith the fly perform ing the flight m ovem ents it is desired to study, a th ird line is o b tained w hich intersects th a t for the m otionless insect. W h en th e fly is situ ated in a position equiv alen t to this second p o in t o f intersection on th e g ra p h , the re su lta n t force acting on the body o f th e fly passes th ro u g h th e axis o f ro ta tio n o f th e system. In this w ay th e position of the re su ltan t is d eterm in ed .
By this m ethod the vertical an d h o rizo n tal com ponents o f th e force, a n d hence its m a g n itu d e an d direction o f action, as well as the position o f its line o f action in th e system, could be m easured w ith an a d e q u a te degree o f accuracy.
III. The wind tunnel with plate glass top and bottom
T h e chief features o f this w ind tu n n e l, used for observing th e b e h av io u r o f insects w hen exposed to a stream of air, an d for reco rd in g the am p litu d e o f th e ir w ing beats, are shown in the elevation in figure 9 an d in th e p la n of the m iddle section, d ra w n to a larger scale, in figure 10. T h e tu n n el itself, /, figure 9, is sq u are in section w ith w ooden sides an d plate glass top a n d bo tto m . A p a rt, B (figures 9 a n d 10), o f th e u p p e r plate can be rem oved to allow the insect to be p laced in position w ith in th e tunnel. T h e intake is shaped, a n d a honeycom b o f straw s, , is fixed in to th e en tran ce. A t th e o th er end th e tu n n e l clam ps on to th e ta p erin g section A. T h e an em o m eter, J, shown in bo th figures, projects in to the tu n n el from th e side. T h e ch ief featu re o f th e design is the single su pporting u n it, w hich can be set a t an y angle a b o u t a h o riz o n ta l axis, transverse to the tu nnel, an d w hich carries the insect, T (figure 10), w ith in the 70 cm.
60cm. tunnel, the recording cam era, E (figure 9), above, an d the m irro r, M (figures 9 a n d 10), below, from w hich is reflected the beam , show n in figure 9, th a t illum inates the insect. By this m eans the insect can readily be set a t an y angle to th e airflow , w hile the relative positions of insect, cam era an d a p p a re n t source o f lig h t rem ain the sam e. This support, G, is a rigid fram e of angle iron, form ing a rectan g le a b o u t the tu n n el, w hich passes thro u g h it. T h e support can be ro ta te d a b o u t the axis, D, an d held rigidly, w hen inclined a t the desired angle, by a clam p, K (figure 9), g rip p in g the sector o f m etal, L. T h e position of the insect, an d the w ay in w hich it is held in the tu n n el are best seen from the p lan in figure 10 . In this figure the su p p o rtin g fram e, , is stippled as in figure 9 , an d the sm all u n it, S, carrying the fly m o u n ted on its sup p orting wire, is sprung into sockets, U an d V, on the axis o f ro ta tio n o f the fram e. T h e angle of the fly relative to the supporting fram e is fixed, so th a t the p h o to g rap h ic plate an d plane of m ovem ent of the wings are p arallel, an d a scale, F (figure 9), g ra d u a te d in degrees, w ith a p o in ter h an g in g freely, is m o u n ted on th e fram e, G, so th a t for any inclination of the fram e th e direct read in g is th e angle of in clin atio n of the body axis o f the fly to the direction o f th e stream of air. T h e cam era is so placed th a t by using the transverse and v ertical m ovem ents o f th e lens-m ount sixteen sep arate exposures are m ade on one 3 | x 2 | in. cu t film. W ith exposures o f ^t h o f a second the sector travelled by the wings is clearly recorded, an d the angles can be m easured from enlarged projections o f the negative. anemometer; L, sector of metal by which the frame is damped at the desired angle; M, mirror reflecting light on the fly; S, removable support, which carries the fly, T, and is sprung into the sockets U and V. 2. As a p relim in ary stage in a d etailed study o f flight in this species, a com parison was m ade betw een the flight system w ith th e insect held statio n ary an d in n o rm a l free flight. T h e re su ltan t of those forces w hich, by th e ir action on the body o f th e insect, m a in ta in or change its state o f m otion d u rin g flight, was selected as th e basis for this com parison.
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